Abstract The mechanisms responsible for coronary pressure-flow autoregulation, a critical physiologic phenomenon that maintains coronary blood flow relatively constant in the presence of changes in perfusion pressure, remain poorly understood. This investigation tested the hypothesis that voltage-sensitive K ? (K V ) and Ca 2?
Introduction
Coronary pressure-flow autoregulation is an essential mechanism by which the coronary circulation maintains constant blood flow in the presence of alterations in perfusion pressure. The autoregulatory capacity of the coronary vascular bed is particularly important during flow-limiting stenosis where if absent, hypoperfusion can rapidly diminish cardiac function [22, 64] . Alternatively, lack of vascular responses to elevations in perfusion pressure can lead to increases in coronary vascular volume, myocardial stiffness, and oxygen consumption (MVO 2 ), i.e. Gregg Phenomenon [2, 24] . However, despite the importance of coronary pressure-flow autoregulation, the mechanisms underlying this phenomenon remain poorly understood.
Previous investigations of coronary autoregulation have focused primarily on the contribution of myocardial tissue pressure, local metabolic and myogenic mechanisms [3, 14, 16, 21, 22, 32] . Although support for tissue pressure can be found in encapsulated organs such as the kidney [30, 33] , evidence in the heart is limited as similar increases in intramyocardial pressure occur in the presence and absence of pressure-flow autoregulation [18, 21] . In contrast, more prominent implications for local metabolic control have been identified as studies by the Feigl laboratory support that *23 % of the changes in coronary conductance that occur with alterations in perfusion pressure are mediated by the synergistic effects of CO 2 and O 2 [9] . Other studies suggest that additional metabolites such as nitric oxide (NO), hydrogen peroxide (H 2 O 2 ), and adenosine could also be involved, albeit at lower perfusion pressures [10, 57, 60, 68] . However, inhibition or catalytic degradation of these metabolites has failed to significantly alter coronary responses to changes in perfusion pressure (i.e. autoregulatory closed-loop gain). Subsequent data show that blockade of end effector K ATP channels, which contribute to vasodilation in response to adenosine, also does not influence coronary autoregulatory capacity [61] . We propose that voltage-sensitive K ? (K V ) channels may play a more prominent role as these channels contribute to the control of coronary blood flow at rest, in response to brief episodes of cardiac ischemia and during increases in MVO 2 [4, 5, 15, [54] [55] [56] . However, the contribution of K V channels to coronary pressure-flow autoregulation has not been investigated.
In addition to metabolic mechanisms, myogenic vasoconstriction is likely critical for mitigating pressureinduced increases in coronary blood flow [40, 48] . Data from isolated vessel preparations indicate that coronary responses to increases in intraluminal pressure activate an endothelium-independent [39] , mechanosensitive mechanism that results in graded decreases in smooth muscle membrane potential [12, 29] . Stretching vascular smooth muscle cells also induces an *50 % increase in intracellular [Ca 2? ] that has been attributed to extracellular influx via voltage-gated (Ca V 1.2) Ca 2? channels [13] . Importantly, the extent to which Ca V 1.2 channels contribute to changes in coronary vasomotor tone in response to alterations in coronary perfusion pressure in vivo has not been determined.
Accordingly, the purpose of this investigation was to test the following hypotheses: (1) vasoactive metabolites produced in response to changes in perfusion pressure modulate coronary vascular resistance and autoregulatory capacity via a K V channel-dependent mechanism; (2) progressive activation of Ca V 1.2 channels in response to elevations in perfusion pressure is critical for pressure-flow autoregulation in the coronary circulation. 
Methods

This investigation was approved by the
Surgical preparation
Swine were initially sedated with telazol (5 mg/kg, sc), zylazine (2.2 mg/kg, sc) and ketamine (3.0 mg/kg, sc). Following endotracheal intubation and venous access, anesthesia was maintained with morphine (3.0 mg/kg, sc) and a-chloralose (100 mg/kg, iv). The animals were mechanically ventilated (Harvard respirator) with room air supplemented with oxygen. Catheters were placed into the right femoral artery and vein for systemic hemodynamic measurements and administration of supplemental anesthetic, heparin, and sodium bicarbonate, respectively. The left femoral artery was catheterized to supply blood to an extracorporeal perfusion system used to perfuse the left anterior descending (LAD) coronary artery at controlled pressures. Arterial blood gases were analyzed periodically throughout the experimental protocol and adjustments made as needed to maintain blood gas parameters within normal physiological limits. A left lateral thoracotomy was performed to expose the heart, and the LAD was isolated and cannulated distal to its first major diagonal branch following heparin administration (500 U/kg, iv). Coronary perfusion pressure (CPP) was regulated by a servo-controlled roller pump and coronary blood flow was continuously measured by an in-line Transonic Systems flow transducer (Ithaca, New York, USA). A catheter was also inserted into the interventricular coronary vein for venous sampling of blood draining the LAD perfusion territory. Left ventricular contractile function was measured with a Millar Mikro-Tip manometer (Millar Instruments, Inc. Houston, TX). Data were continuously recorded on IOX data acquisition software from Emka Technologies (Falls Church, VA).
Experimental protocol
Following a stabilization period (*20 min post cannulation), H 2 O 2 (0.3-10 lM) was infused into the LAD perfusion circuit before and during administration of the K V channel antagonist 4-aminopyridine (4AP; 0.3 mM, i.c.) with CPP held constant at 100 mmHg (n = 5). Pressureflow autoregulation was assessed by 10 mmHg increment changes in CPP from 140 mmHg to 40 mmHg before or during intracoronary infusion of 4AP (0.3 mM, n = 7) or the Ca V 1.2 channel antagonist diltiazem (10 lg/min, n = 5). Arterial and coronary venous blood samples were collected simultaneously once hemodynamic variables were stable at each CPP. Blood samples were analyzed with an Instrumentation Laboratories automatic blood gas analyzer (GEM Premier 3000) and CO-oximeter (682) system. MVO 2 (ll O 2 /min/g) was calculated by multiplying coronary blood flow by the arterial coronary venous difference in oxygen content. As previously reported [2] , closed-loop autoregulatory gain (Gc) was calculated using the following formula: Gc = 1 -[(DF/F)/(DP/P)]. Changes in flow and pressure were assessed relative to control responses at CPP = 100 mmHg. All drugs were dissolved in saline, adjusted to physiologic pH, and infused at a constant, continuous rate directly into the coronary circulation.
Statistical analyses
Data are presented as mean ± SE for n swine. Statistical comparisons were made using a one-way or two-way (Factor A: drug treatment; Factor B: pressure) repeated measures analysis of variance (ANOVA) as appropriate (Sigma Stat 11.0 Software). If statistical differences (P \ 0.05) in these analyses were noted, a Student-Newman-Keuls multiple comparison test was performed.
Results
Contribution of K V channels to H 2 O 2 -mediated coronary vasodilation
Consistent with previous studies [55] , intracoronary administration of H 2 O 2 (0.3-10 lM) dose-dependently increased coronary blood flow from 0.52 ± 0.03 ml/min/g, under control conditions, to 1.40 ± 0.04 ml/min/g at the highest dose of H 2 O 2 (P \ 0.001, n = 5). Inhibition of coronary K V channels with 4AP (0.3 mM) at CPP = 100 mmHg decreased coronary blood flow, indices of cardiac contractile function (dP/dT max and dP/dT min ), and MVO 2 . Mean aortic pressure and heart rate were unaffected by 4AP (Table 1) . Coronary vasodilation in response to exogenous H 2 O 2 was markedly depressed by the administration of 4AP ( Fig. 1 , P \ 0.05).
Coronary vascular response to changes in perfusion pressure
Effects of alterations in CPP on systemic hemodynamics are listed in Table 1 . Modest changes in coronary blood flow (0.11 ± 0.02 ml/min/g) were noted over a CPP range of 60-100 mmHg, without significant effects on cardiac contractile function or MVO 2 (n = 7). Determination of Gc indicated an autoregulatory capacity of 0.46 ± 0.11 in untreated hearts over a CPP range of 60-100 mmHg (Gc = 1 being perfect). However, Gc was significantly reduced to -0.43 ± 0.29 at CPPs ranging from 100 to 140 mmHg and -0.52 ± 0.42 at CPPs ranging from 40 to 60 mmHg (Fig. 2d) . Reductions in coronary blood flow below CPP 60 mmHg (Fig. 2a) were associated with diminished dP/dT max , dP/dT min , MVO 2 , and mean aortic pressure (Table 1) . K V channels in coronary pressure-flow autoregulation Relative to untreated control conditions, inhibition of coronary K V channels with 4AP significantly attenuated coronary blood flow *20 % at CPPs ranging from 60 to 140 mmHg ( Fig. 2a , P \ 0.05). Intracoronary 4AP administration had no effect on mean aortic pressure at CPPs [50 mmHg (Table 1 , n = 7). The reductions in coronary blood flow were associated with diminished cardiac contractile function as evidenced by the *10-20 % decrease in dP/dT max and dP/dT min over a wide range of CPPs (Table 1 , P \ 0.05). These changes in contractile function were also accompanied by decreases in MVO 2 at CPPs ranging from 50 to 140 mmHg (Table 1 , P \ 0.05). However, 4AP administration did not alter the relationship between coronary blood flow and MVO 2 ( Fig. 2c) . Importantly, inhibition of K V channels did not affect the overall change in coronary blood flow at CPPs \120 mmHg (Fig 2b) as flow only varied 0.08 ± 0.01 ml/ min/g over CPPs of 60-100 mmHg (P = 0.53 vs. untreated control). Calculation of Gc over this range of CPPs also revealed essentially identical Gcs for both control (0.46 ± 0.11) and 4AP (0.46 ± 0.06) treated conditions ( Fig. 2d , P = 0.99). Administration of 4AP also failed to significantly influence Gc over CPPs ranging from 40 to 60 mmHg (P = 0.78) or 100 to 140 mmHg (P = 0.46). Alternatively, pressure-induced increases in coronary blood flow were attenuated by 4AP at CPPs of 130-140 mmHg (Fig. 2b) , while coronary zero flow pressure (Pzf) was unaffected (average = 23 ± 2 mmHg).
Ca V 1.2 channels in coronary pressure-flow autoregulation
Inhibition of coronary Ca V 1.2 channels with diltiazem (10 lg/min) progressively increased coronary blood flow ( Fig. 3a , P \ 0.05) and significantly increased the change in blood flow to 0.42 ± 0.06 ml/min/g over CPPs ranging from 60 to 100 mmHg ( Fig. 3b ; P \ 0.01 vs. untreated control). Diltiazem administration reduced mean aortic pressure and increased heart rate at all CPPs (Table 1 , P \ 0.05). However, this vasodilatory effect was not associated with alterations in indices of cardiac contractile Table 1 Hemodynamic, cardiac and blood gas parameters during variable coronary perfusion pressures with and without 4AP or Diltiazem (Table 1) . Thus, diltiazem-mediated increases in coronary blood flow were independent of changes in MVO 2 (Fig. 3c) . Importantly, inhibition of coronary Ca V 1.2 channels markedly reduced Gc to -0.20 ± 0.11 over a CPP range of 60-100 mmHg, i.e. essentially abolished pressure-flow autoregulation ( Fig. 3d , P \ 0.01). Diltiazem did not affect Gc at CPPs ranging from 40 to 60 mmHg (P = 0.79), 100 to 140 mmHg (P = 0.47), or significantly alter Pzf relative to untreated controls (average = 20 ± 1 mmHg).
Discussion
First identified in the coronary circulation by Eckel [16] , coronary autoregulation refers to the intrinsic ability of the heart to maintain constant blood flow despite changes in arterial perfusion pressure [33] . Although numerous studies have focused on delineating the interdependent relationship between coronary blood flow and CPP [23, 51, 65] , the underlying mechanisms responsible for coronary pressureflow autoregulation have not been clearly defined. Given the important role for voltage-dependent K V and Ca V 1.2 channels in the control of smooth muscle membrane potential and coronary vascular resistance [50, 63, 66] , we hypothesized that these specific channels may also serve as critical end-effectors in modulating the vascular responses to alterations in CPP.
Findings from this investigation demonstrate that K V channels tonically contribute to the control of microvascular resistance over a wide range of CPPs, but do not contribute to coronary responses to changes in perfusion pressure within the autoregulatory range. In contrast, progressive activation of Ca V 1.2 channels with increases in CPP represents a critical mechanism of coronary pressure-flow autoregulation. Experiments performed in this study were designed to test the hypothesis that vasoactive metabolites produced in response to changes in perfusion pressure modulate coronary vascular resistance and autoregulatory capacity via a K V channel-dependent mechanism. The rationale for this hypothesis is based on earlier studies by our group which demonstrated that activation of K V channels is critical to the regulation of coronary blood flow [4, 6, 15] and that several key vasoactive metabolites (e.g. adenosine, NO, H 2 O 2 ) mediate coronary vasodilation predominantly via K V channels [5, 15, 54, 55] . Consistent with prior studies in dogs [55] , the present findings indicate that H 2 O 2 induces marked coronary vasodilation via activation of K V channels in swine (Fig. 1) . We propose this dilator effect is due to direct activation of smooth muscle K V channels as Rogers et al. [54] found that H 2 O 2 dose-dependently activates 4AP sensitive K ? current in coronary smooth muscle cells and that denudation has no effect on H 2 O 2 -induced dilation of isolated coronary arterioles [55] . These data are in contrast with alternative studies that documented H 2 O 2 is a key endothelium-derived hyperpolarizing factor that mediates coronary vasodilation via a BK Ca channeldependent mechanism [44, 69] .
To examine the role of K V channels in coronary pressure-flow autoregulation, we performed experiments in anesthetized, open-chest swine in which CPP was varied from 40 to 140 mmHg via a servo-controlled, extracorporeal perfusion circuit. In these studies, we demonstrated that the inhibition of K V channels significantly reduced coronary blood flow over a wide range of CPPs (Fig. 2a) . However, 4AP administration did not affect the change in coronary blood flow with alterations in perfusion pressure at CPPs \ 120 mmHg (Fig. 2b) or influence the overall autoregulatory capacity (Gc) of the coronary circulation (Fig. 2d) . Thus, given that 4AP abolished H 2 O 2 -mediated coronary vasodilation, our findings do not support a prominent role for K V channel-dependent pathways, such as H 2 O 2 , in modulating coronary vascular responses to changes in perfusion pressure within the autoregulatory range. This conclusion differs from that of Yada et al. [68] who suggested that H 2 O 2 , in cooperation with NO and adenosine, plays an important role in coronary pressureflow autoregulation in vivo in dogs. However, other investigations fail to support a prominent role for NO or adenosine in coronary autoregulation [37, 38, 60, 61] . Closer examination of the data presented by Yada et al. also indicates that the significant reductions in coronary blood flow at lower CPPs in the presence of L-NAME and/or catalase did not significantly alter the coronary Coronary Perfusion Pressure (mmHg) 60-100 100-140
Autoregulatory Gain (Gc) [61] who determined that blockade of K ATP channels with glibenclamide produced a tonic decrease in coronary blood flow, but did not significantly influence the autoregulatory capability of the coronary circulation. Taken together, these data indicate that neither K V channels, K ATP channels, nor the upstream vasodilatory factors known to converge on these channels, are necessary to support a metabolic component of coronary pressure-flow autoregulation [42] . In contrast, the limitation of pressure-induced increases in coronary flow by 4AP supports earlier studies implicating K V channels as an important negative-feedback mechanism that limits myogenic constriction, especially at high perfusion pressures (CPP [ 120 mmHg) [1, 17, 67] .
Role of Ca V 1.2 channels in coronary pressure-flow autoregulation Functioning as a predominant mediator of extracellular Ca 2? influx, Ca V 1.2 channels constitutively contribute to the control of coronary microvascular resistance. This is evidenced in vivo by the marked, dose-dependent increases in coronary blood flow observed in response to Ca V 1.2 channel blockade [36] . Findings from the present study are the first to demonstrate that inhibition of coronary Ca V 1.2 channels results in a progressive increase in coronary blood flow as CPP is elevated (Fig. 3a) . Thus, administration of diltiazem significantly augmented pressure-induced changes in coronary blood flow (Fig. 3b) , resulting in responses that would be predicted in a maximally dilated bed; i.e. passive vasculature [28] . Importantly, the dose of diltiazem used (10 lg/min) did not produce maximal dilation (coronary flow = 0.86 ± 0.06 ml/min/g at CPP = 100 mmHg) but did markedly diminish coronary autoregulatory capacity as Gc was reduced to -0.20 ± 0.11 within the autoregulatory range of 60-100 mmHg (Fig. 3d) , i.e. inhibition of Ca V 1.2 channels essentially abolished pressure-flow autoregulation (see ''Limitations of the study'' below). This observed decrement of pressure-flow autoregulation supports that increasing activation of Ca V 1.2 channels with elevations in CPP is a central mechanism underlying the intrinsic ability of the coronary circulation to maintain blood flow constant with changes in perfusion pressure. Our findings are consistent with earlier in vitro myogenic studies demonstrating pressure-induced increases in membrane potential and arteriolar wall [Ca 2? ] are dependent on Ca V 1.2 channels [12, 13] . Experiments in isolated, pressurized arterioles indicate a functional myogenic component also exists in the human and porcine coronary microcirculation [34, 41, 45, 49] . However, evidence for the involvement of other mechanosensitive, nonselective cation channels in myogenic vasoconstriction has also been reported [12, 29] . Consequently, it is important to point out that the present data cannot distinguish between a strictly myogenic versus metabolicinduced activation of Ca V 1.2 channels. Regardless, the present data demonstrate that Ca V 1.2 channel-dependent pathways represent a critical mechanism of coronary pressure-flow autoregulation in vivo.
Relationship between coronary blood flow, CPP, and MVO 2 Coronary blood flow is dependent on CPP and MVO 2 [59] , and coronary pressure can arguably influence metabolism via the ''Gregg Phenomenon'' [24, 58] . Although the Gregg effect is more pronounced in poorly autoregulating hearts (*55 % increase in MVO 2 over CPP range of 60-120 mmHg [2] ), modest changes in MVO 2 are detected in hearts with effective pressure-flow autoregulation (*20 % increase in MVO 2 over CPP range 60-120 mmHg [2, 17] ). Thus, changes in arterial pressure and/or myocardial metabolism can influence the overall level of myocardial perfusion. In this study, administration of both 4AP and diltiazem altered these determinants of coronary blood flow. In particular, 4AP-mediated reductions in coronary flow were accompanied by reductions in cardiac function and MVO 2 , while diltiazem decreased arterial pressure and reflexively increased heart rate ( Table 1) . Changes in arterial pressure did not directly influence CPP as these experiments were conducted in a cannulated, extracorporeal perfused preparation. However, to account for these drug-induced alterations, we plotted coronary blood flow relative to its respective MVO 2 at CPPs ranging from 40 to 140 mmHg. These plots indicate that 4AP did not significantly affect the balance between coronary blood flow and MVO 2 as CPP was changed over this range of perfusion pressures (Fig. 2c) . Alternatively, blockade of coronary Ca V 1.2 channels resulted in a progressive increase in coronary blood flow at a given level of MVO 2 (Fig. 3c) . Thus, the increases in coronary blood flow induced by diltiazem were not mediated by significant increases in MVO 2 , i.e. reflect pressure-mediated increases in coronary flow, not metabolic vasodilation. Regardless of the experimental condition, our findings support a strong interdependent relationship between CPP, MVO 2 , and coronary blood flow. To evaluate the individual contribution of each of these factors, additional examination of the interrelationship between coronary blood flow, MVO 2 , and CPP was assessed by 3-dimensional analysis. These data further support that inhibition of K V channels did not significantly affect the relationship between coronary blood flow, MVO 2 , and CPP (Fig. 4a) . In contrast, increases in coronary blood flow observed with elevations in CPP and MVO 2 were significantly augmented following diltiazem administration (Fig. 4b) , further confirming a prominent role for Ca V 1.2 channels in coronary pressure-flow autoregulation.
Limitations of the study
Conclusions regarding the role of K V and Ca V 1.2 channels in coronary pressure-flow autoregulation are confounded by specific effects of both 4AP and diltiazem on cardiac function and MVO 2 . In the case of 4AP, we found that inhibition of K V channels significantly decreased coronary blood flow and that these reductions in flow were accompanied by decreases in left ventricular dP/dT and MVO 2 ( Table 1) . Such data present a circular argument as to whether 4AP-mediated decreases in coronary flow resulted in diminished contractile performance and subsequent decreases in MVO 2 , or alternatively if 4AP initially decreased contractile function which then led to reductions in MVO 2 and coronary blood flow. Importantly, when 4AP administration is initiated, we typically find that coronary blood flow falls within a matter of seconds, which contrasts with reductions in left ventricular dP/dT that typically occur within *2 min of 4AP administration. Accordingly, we conclude that 4AP resulted in rapid (tonic) coronary vasoconstriction that was followed by commensurate reductions in contractile function and MVO 2 , responses consistent with the characteristics of myocardial hibernation [11] . The present findings are in contrast with earlier studies [56] regarding the effect of 4AP on the balance between coronary blood flow and myocardial metabolism as 4AP failed to significantly decrease coronary venous PO 2 at CPPs \140 mmHg. We propose this discrepancy is related to the higher levels of MVO 2 s reported in these studies at rest (70-100 ll O 2 /min/g) and during increases in metabolism (up to *400 ll O 2 /min/g), relative to the much lower levels of MVO 2 reported in our current preparation (*50 ll O 2 /min/g at rest). This point is supported by the significant reduction in coronary venous PO 2 in the presence of 4AP when MVO 2 was elevated to *60 ll O 2 /min/g at CPP = 140 mmHg (Table 1) .
Earlier studies have demonstrated that administration of coronary vasodilator agents significantly impair coronary pressure-flow autoregulation [16, 28] . In the present study, inhibition of Ca V 1.2 channels resulted in a *70 % increase in baseline coronary flow at CPP = 100 mmHg. This effect of diltiazem significantly complicates interpretation as to whether decreased coronary autoregulatory capacity following diltiazem administration was due to the inhibition of Ca V 1.2 channels alone or simply to its vasodilator influence. This matter is further complicated by the fact that compounds induce vasodilation via activation of coronary K ? channels [35] , which hyperpolarizes smooth muscle and inhibits Ca V 1.2 channels [7, 20, 27, 31, 62] . Thus, studies which demonstrate reductions in coronary autoregulation in the presence of vasodilators actually support our present conclusion regarding the role of Ca V 1.2 channels in pressure-flow autoregulation. Importantly, the dose of diltiazem used in the present study is selective for Ca V 1.2 channels and increased coronary blood flow from 0.50 to 0.86 ml/min/g, i.e. an average flow that is within the ''normal range'' of baseline coronary blood flow [19] . Despite these confounding effects, inhibition of Ca V 1.2 channels has been shown to produce marked, dose-dependent increases in baseline coronary blood flow [36] , which supports a prominent role for these channels in the regulation of coronary vasomotor tone.
Summary and implications
We have identified a tonically active role for K V channels in the control of coronary microvascular resistance over wide range of CPPs (60-140 mmHg). However, our data indicate that these channels, and the vasodilatory pathways known to converge on them (adenosine, NO, H 2 O 2 ), are not required for coronary responses to changes in perfusion pressure within the autoregulatory range. Although K V channels are not necessary for coronary pressure-flow autoregulation, it is possible that alternative pathways/ channels are activated to compensate for K V channel inhibition. Alternatively, our findings do support that K V channels serve as a negative-feedback mechanism that limits myogenic constriction, especially at high perfusion pressures (CPP[120 mmHg). These findings are important in light of recent studies implicating impaired K V channel activity in a variety of disease states including hypercholesterolemia, hypertension, and hyperglycemia [8, 25, 26, 43, 46, 47] . Data from this study are the first to demonstrate that inhibition of Ca V 1.2 channels with diltiazem essentially abolishes the ability of the coronary circulation to maintain blood flow constant with alterations in perfusion pressure. Although our findings support a critical role for Ca V 1.2 channels in pressure-flow autoregulation, the mechanism by which Ca V 1.2 channels are activated (myogenic vs. metabolic) requires further investigation. Delineating mechanisms of coronary Ca V 1.2 channel activation is important given findings supporting elevated Ca V 1.2 channel function and associated activators (e.g. PKC) during hypertension and metabolic syndrome [36, 49, 52, 53] . We propose that administration of Ca V 1.2 channel blockers to such patients would likely prove beneficial, despite effects on autoregulatory capacity, as these agents would act to increase coronary blood flow, reduce left ventricular afterload, and improve the balance between myocardial oxygen delivery and metabolism.
